Huntington's disease is caused by an abnormal polyglutamine expansion within the protein huntingtin and is characterized by microscopic inclusion bodies of aggregated huntingtin and by the death of selected types of neuron. Whether inclusion bodies are pathogenic, incidental or a beneficial coping response is controversial. To resolve this issue we have developed an automated microscope that returns to precisely the same neuron after arbitrary intervals, even after cells have been removed from the microscope stage. Here we show, by survival analysis, that neurons die in a time-independent fashion but one that is dependent on mutant huntingtin dose and polyglutamine expansion; many neurons die without forming an inclusion body. Rather, the amount of diffuse intracellular huntingtin predicts whether and when inclusion body formation or death will occur. Surprisingly, inclusion body formation predicts improved survival and leads to decreased levels of mutant huntingtin elsewhere in a neuron. Thus, inclusion body formation can function as a coping response to toxic mutant huntingtin.
Huntington's disease (HD), a neurodegenerative disorder caused by an abnormal polyglutamine (polyQ) expansion within the protein huntingtin (Htt), is characterized by the aggregation of Htt into microscopic intracellular deposits called inclusion bodies (IBs) and by the death of striatal and cortical neurons. However, the relationship between Htt deposition and neurodegeneration is controversial. Sometimes IB formation has been associated with neurodegeneration [1] [2] [3] [4] ; at other times, there was no or a negative correlation [5] [6] [7] [8] [9] . Three competing models have described IB formation as pathogenic, incidental or a beneficial coping response 5, [10] [11] [12] . IBs seem to result from aggregation that generates many protein complexes differing in multimerization and three-dimensional structure 13 . These complexes often coexist with IBs, but low temporal and spatial resolution have limited the interpretation of past experiments that correlated IB formation with neurodegeneration. Attempts to disrupt the aggregation process yielded opposing results, depending on the manipulation 5, 7, 9, [14] [15] [16] , probably because it is impossible to manipulate aggregation selectively 17 .
Automated microscopy of a model for HD
To increase the temporal resolution of conventional approaches, we developed an automated microscope system 18 that returns to precisely the same neuron or field of neurons, even after cells have been removed from the microscope stage during the interval. We prospectively measured the survival of individual neurons, the intracellular levels of mutant Htt and the aggregation of Htt into IBs. The relationships between these factors were determined by survival analysis without introducing potentially confounding nonspecific manipulations 19, 20 . We examined an established neuronal HD model 5 in which striatal neurons are transiently transfected with Htt. The model recapitulates several HD features (for example, IB formation and polyQ-expansion-dependent, neuron-specific death) 5 . To reveal Htt in living striatal neurons, we used amino-terminal exon 1 fragments of Htt (Htt ex1 ) containing polyQ stretches of various lengths and fused to the N terminus of green fluorescent protein (GFP) 21 . A similar fragment may be generated in HD by proteolytic cleavage [22] [23] [24] [25] [26] and is sufficient to produce HD-like features when expressed as a transgene in a mouse 27 . Along with Htt ex1 -GFP, neurons were cotransfected with a monomeric red fluorescent protein (mRFP) 28 to reveal neurons independently of Htt ex1 -GFP ( Supplementary  Fig. S1 ). Fluorescent protein expression and periodic imaging did not affect neuronal viability 18 . Neurons were imaged with the automated microscope 2-24 h after transfection and at 12-24-h intervals (Fig. 1a) . Some neurons abruptly lost mRFP fluorescence. This event corresponded to the loss of membrane integrity and cell death and was well correlated with other cell-death markers (Fig. 1b, Supplementary Fig. S2 ). Others have found the loss of a fluorescent marker protein to be a highly sensitive and specific assay of cell death through different pathways and in different types of cell 29 . The ability to monitor individual neurons over time allows us to quantify differences in their longevity by survival analysis 19, 20 . We determined the survival function for neurons transfected with GFP or with Htt ex1 -GFP containing a normal (Q 17 ) or expanded (Q 72 ) polyQ stretch. Neurons transfected with Htt ex1 -GFP containing disease-associated polyQ stretches died faster than neurons transfected with Htt ex1 -Q 17 -GFP (Fig. 1c) .
From the survival functions, we deduced hazard functionsthe estimated instantaneous risk of death of individual cells, independent of population size 19, 20 . The cumulative risk of death was similar and remained relatively low in neurons transfected with GFP or Htt ex1 -Q 17 -GFP (Fig. 1d, Supplementary Fig. S3 ). However, Htt ex1 -Q 47 -GFP, Htt ex1 -Q 72 -GFP or Htt ex1 -Q 103 -GFP significantly increased the risk, and the increase was correlated with the length of the polyQ stretch. These results parallel features of HD: polyQ stretches longer than 35Q can cause neurodegeneration, with symptoms appearing sooner for longer stretches 30 . Knowing whether the risk of death changes over time can provide insights into the mechanisms responsible for neurodegeneration 31 . The cumulative risk of death increases as cells continually die (Fig. 1) , but the risk of cell death does not necessarily change. To determine whether the risk of death changes, we tested the linearity of the non-cumulative hazard function: a curved function means that the risk of death changes over time; linearity indicates that the risk is largely time-independent. The hazard functions for neurons transfected with Htt ex1 -Q 47 -GFP, Htt ex1 -Q 72 -GFP or Htt ex1 -Q 103 -GFP were essentially linear (F-test, not significant), indicating that the expanded polyQ stretches increase the risk of death relatively constantly over time.
However, these cultures contain subtypes of striatal neuron whose susceptibility varies in HD 5, 32, 33 and could mask a temporal variation in the risk of death conferred by polyQ expansion. We therefore performed parallel experiments in a homogeneous, neuronlike phaeochromocytoma 12 (PC12) cell line (Fig. 1e, f) . PC12 cells containing versions of Htt with disease-associated polyQ expansions had a higher risk of death than those containing versions of Htt with wild-type polyQ expansions; the increase was relatively constant over time, as in primary striatal neurons. We conclude that polyQ expansion beyond the disease threshold length leads to a steady but increased risk of cell death. These findings offer the first direct test and support of a recently proposed model of HD neurodegeneration inferred from pathological specimens 31 . To examine IB formation and neuronal death, we first sought to confirm that we could detect and monitor IBs in live neurons. We previously reported that in cultured striatal neurons, polyQexpanded Htt forms IBs that label with antibodies against ubiquitin 5 , as in HD. As with other cell types 34, 35 , some neurons containing polyQ-expanded Htt fused to GFP developed punctate, highly fluorescent intracellular structures resembling IBs (Fig. 1a , white and yellow arrows in bottom row; Fig. 2a ). To characterize these structures further, we fixed GFP-tagged Htt in situ and measured its fluorescence before and after treatment with detergent 21 . GFP fluorescence in the structures was not significantly affected, but was almost completely destroyed elsewhere in the neuron, indicating that these structures were possibly IBs (Fig. 2a, b (Fig. 2c) . Larger IBs are also more common in later stages of HD (ref. 36) . Thus, the size and behaviour of IBs formed by Htt in transfected striatal neurons resemble those seen in HD.
Death without IB formation
If IBs trigger neuronal death through gradual sequestration and functional loss of other critical cellular proteins 37 , functional loss of these critical proteins-and therefore the risk of death-should increase with the number and size of IBs (that is, the IB load). Over time, the size of IBs (Fig. 2c ) and the fraction of neurons that contain them (that is, the prevalence; Fig. 2d ) increased significantly. However, the risk of death from polyQ expansion is relatively constant (see above), indicating that IB load is unlikely to explain polyQ-dependent cell death.
Could an earlier form of polyQ-expanded Htt be the principal toxic species? To test this possibility we recorded the moment at which an IB was first detected (that is, the IB incidence) and measured its relationship to polyQ-dependent death. It has not been possible to measure IB incidence before because conventional approaches fail to record neurons that form IBs but die before they are detected and scored. IB incidence for Htt ex1 -Q 103 -GFP was more than double that for Htt ex1 -Q 47 -GFP (Fig. 2e) . Expansion from 47 to 103 glutamine residues had a larger effect on the incidence (Fig. 2e) than on the prevalence of IBs (Fig. 2d) . Importantly, the polyQ-expansion-dependent risk of death was better correlated with the initiation of IB formation than with IB load (Figs 1d and 2e; Supplementary Fig. S3 ). This finding indicates that the principal toxic species might be an early IB intermediate or a form of diffuse intracellular Htt.
Is IB formation even necessary for polyQ-expansion-dependent death? IB formation has been dissociated from polyQ-dependent death 5, 6, 38, 39 , but the lack of longitudinal, single-cell analysis and the potential nonspecific effects of exogenous manipulations left the interpretation of these experiments in doubt 17 . For example, if IB formation accelerates death, neurons might die too rapidly to be detected. However, experiments in which we collected images every 2 h showed that only 1% of neurons that formed an IB within a 24-h interval also died within that period. In fact, most neurons that form IBs can be followed for at least 2 days (Htt ex1 -Q 47 -GFP, 71^4%; Htt ex1 -Q 103 -GFP, 55^4% (^s.d.)). Thus, neurons that form IBs did not die too quickly for us to detect them. Moreover, survival analysis of Htt-transfected neurons that do not form IBs showed an increased risk of death among neurons transfected with Htt ex1 -Q 47 -GFP or Htt ex1 -Q 103 -GFP but not Htt ex1 -Q 17 -GFP (Fig. 2f) . These findings indicate that IB formation is not required for polyQ-expansion-dependent neuronal death and that other less aggregated or possibly monomeric species of polyQ-expanded Htt are toxic.
Levels of diffuse Htt govern survival
If the principal toxic species of Htt are distributed diffusely within neurons, their levels might be better predictors of neuronal death than IB formation. To determine whether GFP fluorescence can be used to quantify levels of GFP-tagged protein in single cells 40 , we performed three experiments. Both population-based and singlecell approaches showed that GFP fluorescence predicted the levels of GFP or of Htt to which it was attached (Fig. 3a, b, Supplementary  Fig. S4 ). We conclude that we can quantify the amount of Htt protein within living neurons by imaging the fluorescence of the GFP tag.
To determine the relationship between levels of Htt and neuronal longevity, we used Cox proportional hazard analysis of neurons transfected with Htt ex1 -Q 47 -GFP. The Q 47 expansion is more typical among HD patients than Q 72 or Q 103 . Htt ex1 -Q 47 -GFP also leads to death more slowly than the longer expansions, increasing our ability to resolve relationships between its expression and survival or IB formation. Cox proportional hazard analysis was used because it can determine whether and to what extent levels of Htt at an early time point within individual neurons can predict the longevities of those same neurons. We measured fluorescence from diffuse Htt within neurons, excluding IB fluorescence because Htt within IBs might have a different bioactivity. The levels of diffuse Htt ex1 -Q 47 -GFP in neurons on the first day after transfection were correlated significantly and negatively with lifespan (Fig. 3c) . The amounts of GFP alone (Fig. 3d) or Htt ex1 -Q 17 -GFP (not shown) were not predictive. To exclude the possibility that neuron-subtype differences in vulnerability were required for the relationship we observed, we performed similar experiments in the homogeneous PC12 cell line. As in neurons, levels of Htt ex1 -Q 47 -GFP on the first day of survival analysis were a significant and negative predictor of survival, whereas the expression of the co-transfected marker protein, mRFP, had no predictive value (Fig. 3e) . These results suggest that more diffuse forms of polyQ-expanded Htt are the principal toxic species and that their levels govern neuronal survival.
PolyQ expansions in ataxin-7 might cause toxicity by stabilizing ataxin-7, causing soluble forms to accumulate 41 . Could a similar effect explain how levels of diffuse polyQ-expanded Htt predict death? We measured the level of diffuse Htt in neurons before IBs had formed to avoid potential confounding effects of IB formation on these measurements. In contrast to findings with ataxin-7 (ref. 41) , polyQ expansion was correlated with lower levels of diffuse Htt ex1 -GFP (Fig. 3f) ; similar results have been reported in HD (ref. 42) . Thus, the effects of polyQ expansion on the levels of Htt do not explain polyQ-expansion-dependent neuronal death. Rather, they indicate that the polyQ expansion confers toxicity on more diffuse forms of Htt independently of its overall effect on the number of Htt molecules.
IB formation prolongs survival
Correlations between polyQ expansion and IB formation or neuronal death could suggest that IBs are pathogenic. Indeed, the levels of diffuse Htt ex1 -Q 47 -GFP on day 1 after transfection were significantly and negatively correlated with the time of IB formation (Fig. 4a) . Thus, levels of diffuse Htt ex1 -Q 47 -GFP predict whether and when an IB forms and also longevity. However, the same patterns might be expected if IB formation were a cellular response to cope with more diffuse, toxic forms of Htt. By analysing images of neurons as they formed IBs, we found that levels of diffuse Htt-GFP elsewhere in the cell fell rapidly after an IB appeared (Fig. 1a, bottom  row) . Within a day or two, diffuse Htt was nearly undetectable (Fig. 4b) , and the rapid decrease in diffuse GFP fluorescence was directly correlated with the rapid growth of the IB (Fig. 1a , white arrow in bottom row, compare 85 h with 109 h). In a few cases, several days after diffuse Htt was undetectable, the IB disappeared altogether (Fig. 1a, yellow arrow in bottom row) .
For a direct investigation of the relationship between IB formation and the risk of death, we compared the survival curves of neurons that did or did not develop IBs. If IBs are pathogenic, neurons that develop them should die sooner than those that do not. If IB formation is beneficial, the reverse might be true, and if IB formation is incidental, there might be no correlation with survival. To avoid selection bias, we identified all neurons that were alive at a particular time during the survival analysis and followed their fates prospectively. Neurons that contained or lacked an IB on the second day after transfection had similar risks of death (Fig. 4c) .
However, on closer examination, we found that the subpopulation of neurons that form IBs on the second day also began with significantly higher intracellular levels of Htt-GFP (Fig. 4d) . Thus, although the survival curves of the two populations were indistinguishable, the survival of neurons that formed IBs was better than that predicted by the relatively high initial expression of Htt-GFP (Fig. 3c) . To test this idea further, we identified the subpopulations of living neurons that either did or did not form an IB on the second day and that had similar initial levels of Htt-GFP. Prospective analysis revealed that neurons that formed IBs on the second day survived significantly longer than adjacent neurons that did not (Supplementary Fig. S5 ).
To further distinguish the contributions of Htt-GFP expression and IB formation to neuronal survival, we compared subpopulations of neurons with more closely matched levels of Htt-GFP. On either the fourth or sixth day after transfection, all living neurons started with similar levels of Htt-GFP, irrespective of whether they had developed an IB (Fig. 4e) . We followed the survival of each of these populations prospectively. Neurons that formed an IB on either the fourth or sixth day survived significantly longer than adjacent neurons, which were otherwise similar but without an IB. IB formation was associated with a decrease in the cumulative risk of death (Fig. 4f, Supplementary Figs S6 and S7 ) to that seen with wild-type Htt (Htt ex1 -Q 17 -GFP, data not shown). Moreover, PC12 cells that formed IBs survived significantly longer than those that did not, indicating that neuron-subtype differences in IB formation and viability were not required for the relationship we observed ( Supplementary Fig. S8 ). IB formation was generally associated with a decrease in more diffuse forms of intracellular Htt and a corresponding improvement in survival.
In our cellular model, IBs form in the cytoplasm and in the nucleus, as in HD. The nucleus seems to be an important site of toxicity for mutant Htt 5, 43, 44 . IBs could therefore be pathogenic in one location and beneficial in another. Analysis of neurons with cytoplasmic or nuclear IBs showed similar survival curves for both populations, and both survived significantly longer than neurons without IBs (data not shown). Thus, IB formation predicted increased survival regardless of the subcellular location.
Discussion
Using survival analysis, we found that neurons die from Htt protein in a manner best predicted by the level of diffuse forms of Htt and by the length of their polyQ expansions. PolyQ expansion increased the risk of death independently of its effect on the intracellular level of diffuse Htt. Surprisingly, IB formation reduced intracellular levels of diffuse Htt and prolonged survival. Together, these findings indicate that IB formation might protect neurons by decreasing the levels of toxic diffuse forms of mutant Htt (Fig. 5) . The model is consistent with observations from post-mortem HD tissue, which reveal that IBs were more frequent in subpopulations of neurons that disproportionately survived 38 . It remains unclear whether levels fall because of autophagy 45 , because IBs sequester diffuse Htt or because IB formation is part of an adaptive programme that promotes increased Htt turnover 8 . Our results support the hypothesis that manipulations that improve survival and decrease IB formation (for example, certain aggregation inhibitors) might do so by interfering with the formation of toxic diffuse Htt species or with their ability to act on critical intracellular cellular targets [46] [47] [48] . Although our data do not exclude a non-cell-autonomous role for IBs in pathogenesis, the appearance of IBs in unrelated neurodegenerative diseases, such as Parkinson's disease and HD, might reflect a common coping response by neurons to diffuse toxic protein instead of a common pathogenic mechanism 12 . In this study, survival analysis was essential for explaining the complex relationships between Htt expression, IB formation and neuronal death. This approach might prove particularly useful for disease-related research in which intermediate cellular and histological abnormalities can be clearly defined but whose precise relationship to pathogenesis can be obscure. Determining whether a particular change is pathogenic, incidental or beneficial has important implications for understanding mechanisms of disease and for identifying therapeutic targets. When pathogenesis is mediated by multiple effectors, survival analysis provides a way to quantify the contribution of each factor, potentially helping to assess its individual pathogenic significance. A
Methods Plasmids
Expression plasmids encoding an N-terminal fragment of Htt fused to GFP (pGW1-Htt ex1 -[Q 25 , Q 47 , Q 72 or Q 103 ]-GFP) were derived from pcDNA3.1-based plasmids 21 by subcloning into pGW1-CMV (British Biotechnologies). A PCR product of exon 1 of human Htt with 17 CAG repeats was ligated to GFP and used to create pGW1-Htt ex1 -Q 17 -GFP. A PCR product of mRFP1 was ligated into pGW1-CMV to create pGW1-mRFP and into pcDNA3.1(þ) to create pcDNA3.1-mRFP. Plasmid constructions were confirmed by DNA sequencing.
Cell culture and transfection
Primary cultures of rat striatal neurons were prepared from embryos (embryonic days [16] [17] [18] and transfected with plasmids (6-7 days in vitro) as described 5, 49 (http:// gweb1.ucsf.edu/labs/finkbeiner). Typically, neurons were co-transfected with pGW1-mRFP and a version of pGW1-Htt ex1 -[Q 17 , Q 25 , Q 47 , Q 72 or Q 103 ]-GFP in a 1:1 molar ratio, using a total of 1-4 mg of DNA in each well of a 24-well plate. After transfection, neurons were maintained in serum-free medium.
To perform a modified LIVE-DEAD assay (Molecular Probes), growth medium was replaced with Eagle's basal medium 48 h after transfection. At 20 min before treatment with kainate (Sigma), ethidium homodimer (5 mM; Molecular Probes) was added, and images of transfected neurons were collected before and every 30 min after kainate addition. A detergent-resistance assay was performed as described 21 , with minor modifications. Neurons with putative IBs were imaged, treated with 1% paraformaldehyde for 15 min at 37 8C followed by 5% Triton X-100 and 5% SDS for 20 
Immunocytochemistry
Striatal neurons grown on 12-mm glass coverslips were examined 36 h after transfection as described 5 , with anti-GFP (1:500 dilution; Chemicon), anti-Htt EM48 (1:50 dilution; Chemicon) and anti-chicken or anti-rabbit Cy3-labelled antibodies (1:300 dilution; Jackson Immunochemical).
Western blots
HEK-293 cells grown in DMEM medium containing 10% calf serum, 2 mM glutamine and penicillin/streptomycin (100 U ml 21 /100 mg ml
21
) were transiently transfected with pGW1-GFP (1-6 mg per well). Images were captured every 24 h for 3 days. Protein extracts were prepared from cells immediately after imaging, subjected to SDS-polyacrylamide-gel electrophoresis, blotted with anti-GFP antibody (1:1000 dilution; Zymed) and detected with 125 I-labelled secondary antibody and a PhosphoImager screen (Fuji).
Robotic microscope imaging system
The system is based on an inverted Nikon microscope (TE300 Quantum). Olympus 4 £ (numerical aperture 0.13) and 10 £ (numerical aperture 0.30) and Nikon 20 £ (numerical aperture 0.45) objectives were used. Xenon lamp (175 W) illumination was supplied by a liquid light guide to reduce electrical noise. Images were detected and digitized with a Hamamatsu Orca II 12/14-bit, digital, cooled charge-coupled device camera and Universal Imaging Metamorph software. Stage movements and focusing were executed with computer-controlled stepper motors. Fluorescence excitation and emission filters were moved into or out of the optical path with each program loop by two tenposition filter wheels (Sutter Instruments) under computer control. The whole system is mounted on a vibration isolation table to reduce noise. Computer commands that perform and coordinate automated stage movements, filter wheel movements and focusing were generated with software programs that combine custom-designed and commercially available algorithms. Additional programs for image analysis were written with MatLab and Visual C software.
Image and statistical analysis
Measurements of Htt expression, IB formation and neuron survival were extracted from files generated with automated imaging by automated analysis programs or by visual inspection. Automated programs identified living transfected neurons by physical dimensions and fluorescence. IBs were monitored by size and fluorescence intensity. The expression of GFP-tagged versions of Htt was estimated by measuring GFP fluorescence intensity over a region of interest that corresponded to the cell soma or as otherwise Figure 5 A model of the role of IB formation in huntingtin-induced neurodegeneration.
indicated, using the fluorescence of co-transfected mRFP as a guide. These GFP intensity values were background-subtracted by using an adjacent area of the image. For statistical analysis, survival time was defined as the imaging time point at which a cell was last seen alive. Kaplan-Meier curves were used to estimate survival and hazard functions with commercially available software (Statview). Differences in Kaplan-Meier curves were assessed with the log-rank test. Linear regression was used to correlate Htt expression measured with different methods, and correlations between Htt expression and survival or IB formation were made with Cox proportional hazard analysis. Differences in mean measurements were compared by analysis of variance or t-test.
